Stacking fault tetrahedron (SFT) is the most common type of vacancy clustered defects in fcc metals and alloys, and can play an important role in the mechanical properties of metallic materials. In this study, molecular dynamics (MD) simulations were carried out to investigate the incipience of plasticity and the underlying atomic mechanisms in copper single crystals with SFT. Different deformation mechanisms of SFT were reported due to the crystal orientations and loading directions (compression and tension). The results showed that the incipient plasticity in crystals with SFT resulted from the heterogeneous dislocation nucleation from SFT, so the stress required for plastic deformation was less than that needed for perfect single crystals. Three crystal orientations ([1 0 0], [1 1 0] and [1 1 1]) were specified in this study because they can represent most of the typical deformation mechanisms of SFT. MD simulations revealed that the structural transformation of SFT was frequent under the applied loading; a metastable SFT structure and the collapse of SFT were usually observed. The structural transformation resulted in a different reduction of yield stress in compression and tension, and also caused a decreased or reversed compression/tension asymmetry. Compressive stress can result in the unfaulting of Frank loop in some crystal orientations. According to the elastic theory of dislocation, the process of unfaulting was closely related to the size of the dislocation loop and the stacking fault energy.
Introduction
The propagation and interaction of lattice dislocations within the grains is fundamentally important for the plastic deformation of conventional coarsened metallic materials, but dislocations in nanocrystalline metallic materials are less likely to be present because at very small grain sizes, it is less likely that the dislocation loops will be stable [1, 2] . In a small enough volume (at nanometer-scale) of a material with limited pre-existing dislocations, the nucleation of new dislocations may dominate the deformation mechanism of the incipient plasticity, rather than the propagation, multiplication or interaction of the initial dislocations [3] [4] [5] [6] . Generally, a dislocation can nucleate in small volumes from perfect lattice homogeneously or from structural defects heterogeneously. For a sample free from defects, the nucleation of dislocation occurs randomly throughout the volume [7, 8] ; but this deformation mechanism needs very large stresses, whereas heterogeneous nucleation of dislocation usually occurs with crystal defects, such as point defects [9, 10] , voids [11, 12] , free surfaces [13, 14] and grain boundaries [15] [16] [17] [18] [19] . These defects act as stress concentrators that emit dislocations at stresses less than that required for homogeneous dislocation nucleation.
Among different point defects (e.g. single or di-vacancies, interstitial or impurity atoms), stacking fault tetrahedron (SFT) is the common one that formed in fcc crystals under various circumstances. This special shape of vacancy cluster was first observed in quenched gold [20] . Silcox and Hirsch reported that the SFT was generated from a faulted loop that clustered by a number of quenched-in vacancies. The faulted loop then evolved to a tetrahedron-shaped defect in which the edges were consisted of stair rod dislocations while the closed planes were organized by stacking faults. Later, SFTs were observed in some deformed metals and alloys at room and higher temperatures [21] . SFTs were subsequently reported in electron-irradiated metals [22] using high voltage electron microscopy, while recently, SFTs have been observed in the Ni-based superalloy that experienced low cycle fatigue by controlling the strain rate at high temperatures [23] . In addition to experimental observation, this type of vacancy defect has also been modeled by using molecular dynamics (MD) simulations [24] [25] [26] [27] [28] . Based on these experimental and simulation results, Loretto et al. [29] concluded there were three fundamental mechanisms for producing SFT; (i) the vacancies accumulation based Silcox-Hirsch mechanism; (ii) various mechanisms based on the glide and cross slip of dislocations, and (iii) the merging of glide elements followed by growth. In their experiment, Matsukawa and Zinkle [30] observed the one-dimensional fast motion of nanometer-sized vacancy clusters and proposed that this motion may be a key physical mechanism for the self-organization of nanometer-sized SFT arrays.
Besides those studies on the formation mechanisms of SFT, many recent research interests now focus on the interaction of SFT with other structural defects, mainly dislocations [31] [32] [33] [34] [35] [36] [37] [38] and twin boundary [39] [40] [41] . For example, previous MD studies revealed that SFT can provide a strong obstacle for glide dislocations that ultimately increase the yield strength and decrease ductility [42, 43] . Robach et al. [33] investigated the interaction of an SFT with an edge dislocation in copper and gold by using in situ transmission electron microscope (TEM) and MD simulations. They found that this interaction can result in the SFT being converted to another type of defect, be annihilated, or be sheared into two defects. Lee and Wirth [35] used MD simulations to study the interaction between SFT and a mixed dislocation in copper and noted that depending on the interaction geometry, it can result in destabilization, partial absorption, shearing, or a simple bypass of the SFT. By using MD simulations, Niewczas and Hoagland [39] studied the interaction of moving twin boundaries with SFT and found that this interaction generally damaged the parent SFT and the formation of new defects in the twin lattice. Yu et al. [40] observed the radiation induced migration of twin boundaries and found that the migrating twin boundaries played a prominent role in removing the radiation-induced SFTs.
While previous literatures are mostly limited to the formation of SFT or their interaction with other structural defects, very few studies focused on the effect of SFT on the mechanical response of materials with small grain size where dislocations are unlikely to be present, even though SFT can significantly affect the mechanical property of materials with incipient plasticity. For example, the atomistic simulations of nanoindentation tests showed that SFT reduced the pressure needed to nucleate a dislocation by almost half that of a perfect crystal [44] ; this means the governing deformation mechanisms must be explored in the presence of this defect. Salehinia and Bahr [45] performed MD simulations in a nanoindentation test of copper single crystal to investigate how the orientation of SFT affects the load needed to initiate plastic deformation; their results indicated that a downward SFT affected the mechanical behavior of a copper single crystal much more than an upward orientated SFT. In addition, their recent MD study indicated that the presence of SFT can decrease or even reverse the compression/tension (C/T) asymmetry of the copper single crystal [46] . Although in the above studies some atomic configurations were present at the onset of plasticity, there was no concise atomic picture of the dislocation mechanisms that actually induced the incipience of plasticity, which means that some remaining issues need further discussion. For example, what is the deformation mechanism that result in the different reduction in yield stress under tension and compression? Why can the C/T asymmetry decrease or reverse in the presence of SFT? How does the structural transformation of SFT occur during the applied loading? To the best of the authors' knowledge, the underlying mechanisms related to these behaviors have not been reported, so our objective was to obtain an atomic insight into the underlying dislocation mechanisms of SFT, which is needed to understand the incipience of plasticity in small volume crystal induced by SFT.
In this work, molecular dynamics simulations were performed on copper single crystal with SFT under either uniaxial tension or compression, and with a variety of crystal orientations. Copper single crystals with a perfect structural model were also investigated in the same simulation conditions for comparison. The simulation methods were introduced in Section 2. Mechanical response and the deformation mechanisms of the simulation samples were presented in Section 3. The structural transformation of SFTs and the collapse of SFTs were observed during the applied loading, these mechanisms were found closely related to the higher reduction in the yield stress in compression and result in a decreased or reversed C/T asymmetry. In addition, the structural conversion from a sessile Frank partial loop to a glissile perfect loop was also observed in this study; the simulation results were compared with the previous experimental observations and discussed in Section 4.
Simulation method
Molecular dynamics simulations were carried out by using the parallel molecular dynamics code LAMMPS [47] . The interatomic potential used for simulations plays a significant role in accurately predicting the structural defects. In this study, copper was modeled using the embedded-atom method (EAM) potential developed by Mishin et al. [48] . The well defined potential can fit a large set of first-principles and experimental data. For example, the intrinsic stacking fault energy and unstable stacking fault energy of copper from previous simulation result are 44 [48, 50] . The visualization tools and sophisticated automated dislocation detection techniques have improved immensely in recent years, so we took full advantage of these techniques to obtain information at an atomic scale. Atomeye [51] and OVITO [52] were used as visualization tools to illustrate the simulation models. The common neighbor analysis (CNA) method [53] was used to highlight atoms that without perfect fcc structures. This local atomic classification scheme allows defect structures and their evolution to be easily identified during the simulation. Dislocation extraction algorithm (DXA) [54, 55] [7] . This meant that any further increase of the model size does not essentially affect the stress that required for the incipience of crystal plasticity. In this study, the SFT defect was generated based on the Silcox-Hirsch mechanism [20] , which indicated that a platelet of vacancies can collapse to form a Frank partial dislocation loop and then evolve into an SFT. So we referenced the previous method [45] and removed a triangular Frank loop platelet of vacancies in the (1 1 1) plane. The triangular platelet contained 55 vacancies, 10 on each edge, corresponding to an SFT with 2.3 nm long edge that was similar to the size of SFTs in copper observed in the experiments [56] . The density of SFT in this modeling was approximately 10 24 m -3 , which was close to the 10 23 m -3 reported for copper single crystal [57] . The simulation system was initially relaxed for 10 ps using the isobaric-isothermal (NPT) ensemble at a temperature of 10 K and a pressure of 0 bar. Fig.1 shows five snapshots from the MD simulation (a-e) and the results of the dislocation extraction (f-j) to illustrate how an SFT was generated from a vacancy triangular platelet. Here, the atoms with a perfect fcc structure were removed to make the defects easier to see.
The times denote the time that elapsed from when the vacancies were first introduced.
In the first 0.6 ps, a closed Frank partial dislocation loop was produced after a platelet of vacancies collapsed, as shown in Fig.1(g) . From an atomistic perspective, this process can be regarded as the collective displacement of atoms within the tetrahedra as they gradually dropped into the hole left by the original vacancy platelet [24] (see Fig.1(b) ). Generally, this is called a negative Frank dislocation while for a positive one, the Frank dislocation loop was regarded to generate by the precipitation of interstitial atoms on a closely packed platelet [58] . Both of the positive and negative
Frank loops contain stacking faults, while a stacking fault will be stable if the fault energy is low enough; but this was not the case for copper in this study (about 44.4 mJ/m 2 [48] ). Simulation results show that the Frank partial soon dissociated into a stair-rod dislocation with lower energy and a Shockley partial dislocation on an intersecting slip plane (see Fig.1 (c) and (h)). This process is according to a reaction of the type:
The dislocations and slip planes are described using Thompson tetrahedra [20] notation and the definition given by Hirth and Lothe [59] . Fig.1(d) and (i) show that when the propagated Shockley partial dislocations met each other, they soon reacted to form another set of stair-rod dislocations. This process can be described by the reaction where:
The Shockley partials glided towards the apex of the tetrahedra and finally constructed a tetrahedron with intrinsic stacking faults on {111} planes and 1/6<110> type stair-rod dislocations along the edges, as shown in Fig.1 (e) and (j). The entire process of SFT formation takes about 1 ps.
After obtaining an equilibrium structure of SFT and the initial relaxation of the simulation system, either uniaxial tensile or compressive loading with a constant strain rate of 1×10 8 s -1 was applied along Y axis (which is defined as the crystal orientation in this study) on the simulated sample. Previous simulations by Spearot et al. [60] shows that the strain rate (10 7~1 0 9 /s) does not affect the elastic modulus of the single crystal sample and plays a minor role in the maximum tensile stress. Therefore, the specified strain rate of 10 8 /s used in this study is capable of capturing the essential properties of the simulation samples and avoid any significant rate influenced behavior. During the deformation, the stresses along X and Z axis were kept at zero by using the NPT ensemble. The simulations were conducted at a temperature of 10 K to avoid thermal disturbance of atoms at higher temperatures and provide a clearer view on the evolution of SFT structures and the corresponding dislocation activities.
An integration time step was set as 1 fs throughout the MD simulations. For the mechanical response, the system stress was attained by calculating the pressure of the entire system of atoms, while system strain was derived from the positions of the periodic boundaries along loading direction.
Results

Compressive and tensile stress response
The yield stress of perfect crystals and crystals with SFT for different orientations are listed in Table. 1. The yield stress in this study is defined as the maximum tensile In the elastic stage, either elastic hardening or softening occurred in different loading conditions. The elastic hardening and elastic softening defined here are used to describe the non-linear stress-strain curves at higher stress and strain, where the elastic modulus either exceeded or was lower than the expected value in a condition of pure linear elastic [46] . In the initial stage of plastic deformation, there is a remarkable difference in yield stress for different crystal orientations in perfect crystals and crystals with an SFT. A previous study revealed that the compressive strength in perfect copper single crystals is higher than the tensile strength for almost all crystal orientations [61] . This is also the case in this study for all investigated orientations except that the [1 0 0] orientation has a higher yield stress in tension than in compression (see Table. subsections. Another remarkable feature of the stress-strain curves is the compression/tension asymmetry (different yield stress between compression and tension); this part will be discussed in Section 4 based on the deformation mechanisms of SFT.
Deformation mechanism of SFT for [1 0 0] orientation
The results of simulating copper single crystal with SFT under uniaxial compression is presented in Fig.3 . Fig.3 1 1) . This is shown in Fig.3 (c) and (g) at ε=7.2%, where the embryo dislocation loops can be seen on the four {1 1 1} planes.
According to the Schmid factor analysis, they are the favored slip systems with the maximum Schmid factor SF (1 1 1) Fig.3(d) and (h), the nucleated Shockley partial dislocation δA and Bγ propagated quickly when the compressive strain reached ε=7.4%, and this finally resulted in the incipience of crystal plasticity. The nucleation process can be described by the dislocation reaction: orientation during tensile loading. When the applied tensile strain equaled ε=5.5%, the SFT can still retain its original structure as shown in Fig.4(a) . It is interesting to find that the SFT structure in equilibrium had changed to another configuration with two unfaulted planes in Fig.4 (c) at ε=6.2%. The stress-strain curve in this case was checked and revealed that this structural transformation had no effect on the elastic trend and did not contribute to the incipience of plasticity. Moreover, the new structure could now retain its configuration until the tensile loading increased to about ε=8.2%. In this study we tentatively called this metastable structure as "semi-faulted SFT". The process of transforming the structure from an SFT to a semi-faulted SFT is shown in Fig.4 (e)-(k) based on the dislocation reaction analysis. For a clearer illustration, we indexed the four vertices of SFT as 1, 2, 3 and 4. Initially, four of the SFT stair-rod dislocations (δβ, αβ, δγ and αγ) tended to dissociate to Shockley partial dislocations from the vertices, as shown in Fig.4 (b) and (f) at ε=5.8%: for example, the dissociation at vertex 2 and vertex 3 can be described as:
As the tensile deformation increased the partial dislocation Cβ which was dissociated from δβ and αβ glided on the (1 1 1 � ) plane while the partial dislocation Bγ which was dissociated from δγ and αγ glided on the (1 � 1 1) plane. However, the movement of partial dislocations at vertex 1 and vertex 4 were either restrained or even recovered to the initial stair-rod dislocations, as shown in Fig.4 (g) and (h) at ε=6.065% and ε=6.07%, Fig.4(i) indicates that when the glissile Shockley dislocation Cβ moved forward and reached the edge of SFT, it reacted with the non-dissociated stair-rod dislocation γB to form a sessile Frank dislocation γC by the reaction:
Soon after, the Shockley dislocation Bγ from vertex 3 reacted with γC to form a perfect dislocation BC, as shown in Fig.4 (j) at ε=6.1%. This reaction can be described as:
The process of Structural transformation has completed at about ε=6.2%. The semi-faulted SFT now consisted of four Shockley partial dislocations (δC, αC, δB and αB ) connected by a stair-rod dislocation (δα) and a perfect dislocation (BC). MD simulation indicated that the onset of yielding began because four Shockley partial dislocations propagated from the semi-faulted SFT, as shown in Fig.4(d) . The snapshots presented in Fig.6 shows the atomistic view of SFT at the onset of yielding (a-c) and the corresponding dislocation mechanism (d-h). When the maximum tensile stress reached about ε=4.98%, two stair-rod dislocations (βα and γβ) on the (1 1 1 � ) plane began to be simultaneously dissociated into Shockley partial dislocations by the reaction:
The dissociated Shockley partial Dβ from βα and γβ merged together and propagated as further tensile strain was applied. This process was similar to the case of 
Deformation mechanism of SFT for [1 1 1] orientation
The sequence of snapshots presented in Fig.7 This was the same for another edge where the Frank dislocation tended to dissociate to Cα and a dislocation with b=1/6[3 1 0], although it is not shown in Fig.7(f) . This process can be expressed by:
Fig.7 (g) shows that when the dissociated segments Cβ and Cα met, they formed a stair-rod dislocation βα by the reaction:
On the other hand the dislocations with b=1/6[3 0 1] and b=1/6[3 1 0] were quite unstable and soon split into two Shockley partial dislocations respectively, as described by:
Overall, according to the above reactions we can regard the dissociation process as a other to produce a perfect dislocation CD, as shown in Fig.7(i) and (j) . Thus, the perfect dislocation loop CD can be generated by the dislocation reactions as:
The dislocation loop expanded rapidly as the compressive stress increased due to the orientation in tension, where the partial dislocation was nucleated from the vertex of the tetrahedra with two edges of SFT involved. The dissociation of βα was completed at ε=8%, as shown in Fig.8(c) and (g) . Subsequently, the partial dislocation βD and Dα slipped on (1 1 1 � ) plane and (1 1 � 1) plane respectively, and resulted in yielding.
The Schmid factor analysis showed they are the favored slip systems, with 
Discussion
Different reduction in yield stress
The simulations indicated that the stress in compression and tension needed for plastic deformation was reduced for crystals with SFT in all orientations (see Table. 1). This is reasonable because higher stress is required for a homogeneous dislocation from a perfect crystal structure than the heterogeneous dislocation nucleation from an existing structural defect (e.g. SFT in this study). It is worth noting that the reduced yield stress caused by the SFT depended almost entirely on the crystal orientation and loading direction. For example, the reduced yield stress in compression is less than in tension for the [1 0 0] orientation, at 24.9% and 30.8% respectively. However, this reduction seems to be much higher in compression (37.1% and 57.3%) than in tension orientation (E [100] = 65 GPa). Therefore, it is important to examine the influence of the elastic modulus on the simulation results. Fig.9 plots the yield stress of perfect single crystals and crystals with SFT as a function of the elastic modulus. In compression, the yield stress generally increases with the increased elastic modulus for perfect single crystals, whereas in the presence of SFT, the overall yield stress also increases as a function of the increasing elastic modulus, but the influence of elastic modulus on the yield stress is less evident than for the perfect crystal. For example, the maximum yield stress (13.97 GPa) in compression was observed in the [8 7 1] orientation, which has only a moderate elastic modulus (E [871] = 152 GPa). In tension, the elastic modulus has less influence on the yield stress when the value is less than 120 GPa, while there is an obvious increase in the yield stress at a higher elastic modulus. unzipping of SFT will be discussed elsewhere.
Compression/tension asymmetry
The simulation revealed a distinct C/T asymmetry for perfect crystals and crystals with SFT, i.e. there was a difference in the yield stress between compression and tension. The C/T asymmetry ratio is plotted as a function of elastic modulus in Fig.11 .
For the perfect single crystals, elastic hardening in compression can result in a higher yield stress than in tension that usually exhibits an elastic softening. Therefore, most of the asymmetry values for the perfect single crystals are larger than unity, which represents a higher yield strength in compression than in tension. The orientation crystal. By checking the simulation results, the perfect dislocation loop that generated from a full unzipped or partial unzipped SFT can generally result in a much higher reduction in the compressive stress. 
Unfaulting of the Frank loop
A similar case of structural conversion from a Frank loop to a perfect loop was reported in previous experiments [33, 63, 64] . For example, Westmacott et al. [63] observed a large number of Frank dislocation loops in an aluminum 3.5% magnesium alloy quenched from 550℃ into oil at -20℃. After being heated slightly, some of the Frank loops were unfaulted and converted to perfect dislocation loops. Note that the conversion of a Frank partial loop to a perfect dislocation loop was probably a spontaneous process in their experiment because this conversion occurred in a stress free condition and the only inducement was the slightly increased temperature.
However, the conversion in this study was determined as a stress assisted process. In the case of [1 1 1] crystal orientation, a 5% compressive strain, according to 10 GPa compressive stress, was needed to achieve this conversion. Recall that, after a Frank loop was generated from a vacancy cluster, it spontaneously dissociated to an SFT through the Silcox-Hirsch mechanism (see Fig.1 ) instead of converting to a perfect dislocation loop. Therefore, the critical questions are: what are the conditions in which an unfaulting Frank loop tends to occur, and in what conditions is an SFT unlikely to be produced from a vacancy cluster?
As Fig.7 shows, the unfaulting process was initiated from the dissociation of the Frank partial dislocation loop. This process was evidenced by the nucleation of Shockley partial dislocations from the stair-rod dislocation (see Fig.7(f) ) and the subsequent gliding of one Shockley partial dislocation across the stacking fault. The principle problem is whether or not the prevailing condition can cause the Shockley partial dislocation to nucleate and then spread across the stacking fault in the Frank loop. From the perspective of energy, if the unfaulting process can be completed spontaneously, a necessary condition is that the perfect dislocation loop has a lower energy value than the that of the initial Frank loop, i.e. the removing of the stacking fault from the loop should have reduced the system energy. According to the elasticity theory of dislocation [58, 59] , the dislocation can be regarded as being created by elastically deforming an initially unstrained hollow cylinder of unit length and having an outside radius R and inside radius r 0 . The strain energy per unit length of dislocation is: The shear loop is a mixture type of dislocation with both edge and screw characters.
On opposite sides of a loop, the stress fields of dislocation segments will tend to counteract at a distance of about 2r from the loop, so that the value of outside radius R is approximately equal to 2r. Frank loop, the equation gives a lower limit to the value of γ for the removal of a fault.
In the experiment with aluminum alloy by Westmacott et al. [63] , taking a=0.405 nm (lattice constant of aluminum), r=10 nm (which is close to the minimum size of electron microscope for resolving loops), ν=0.33, r o =0.5 nm and G=30 GN m -2 , the critical stacking fault energy was calculated to be almost 60 mJ m -2 , which was much less than the stacking fault energy of aluminum (about 146 mJ m -2 [48] ). So that the 
Conclusions
Molecular dynamics simulations were carried out to investigate the effect of (1) The incipience of plasticity in crystals with an SFT resulted from the heterogeneous dislocation nucleation from SFT, while homogeneous dislocation nucleation accounted for the onset of plasticity in the perfect crystals. Therefore, the stress needed for plastic deformation in the crystals with an SFT was less than that required for the perfect crystals in all cases. This result implies that a more strict test standard should be carried out when testing materials that will be used in some extreme conditions, e.g. materials exposed in a radiation environment where a large amount of SFT exists. orientation, the SFT tended to collapse to a Frank loop and eventually converted to a perfect dislocation loop under compression. The stress required for dislocation nucleation from a transformed SFT structure was much less than from a perfect SFT structure, which resulted in a different reduction in yield stress for different crystal orientations and loading directions.
(3) The reduction in yield stress due to the presence of SFT was higher in compression than in tension for almost all orientations, and this difference was more evident with the increased elastic modulus. This reduction in yield stress can lead to a decreased or even reversed compression/tension asymmetry, suggesting that both of the tension and compression tests are necessary to prove the mechanical property of materials where SFT are easy to form. The compression test is more reliable because it can usually induce a higher reduction of the yield strength than in tension. 31 (4) Simulation results indicated that compressive loading can usually result in the collapse of SFT and facilitate its conversion to a perfect dislocation loop.
According to the elastic theory of dislocation, the size of a dislocation loop and the stacking fault energy play a significant role in the formation of SFT and the unfaulting of Frank loop to form a perfect dislocation loop.
